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Abstract 

We consider Z2-symmetric braneworlds arising from 5-sphere compactifications with 
5-form flux in type IIB supergravity. This Kaluza-Klein reduction produces a D = 5 
theory which supports ^-supersymmetric Z2-symmetric domain-wall solutions. How- 
ever, upon lifting such solutions back to D = 10, one finds that supersymmetry is 
broken by 5-sphere Kaluza-Klein effects. This happens owing to the action on the 
Killing spinor of the Z2 C SO (1,9) symmetry, which requires an orientation-reversing 
transformation in the 5-sphere directions together with the flip of the orbifold coor- 
dinate. We study the consequences of this supersymmetry breaking for the masses of 
fermion fluctuation modes about the brane background and find a natural two-scale 
hierarchy: some bulk modes have characteristic masses of order but other modes 
more closely associated to the branes have an additional factor exp(— -^), where L5 is 
the AdS§ length parameter and p is the orbifold size. 
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1 Introduction 

Perhaps the most dramatic way in which string theory has modified our picture of spacetime 
so far is by the inclusion of extra dimensions and branes. Branes have the remarkable 
property that they can localise Yang-Mills gauge theories on them - this then leads to the 
braneworld picture, in which our universe is a brane embedded in a higher-dimensional bulk 
spacetime. The Randall- Sundrum models in particular, in which the bulk is 5-dimensional 
anti-de Sitter space, have been studied extensively due to their simplicity and because they 
provide a possible solution to the hierarchy problem while also being able to localise 
gravitons on a brane 0]. However, in order to take these models seriously, one would like 
to see them emerge as a solution of the supergravity approximations to string theory. Such 
a solution was presented in 0, 4] in the context of 5-sphere compactifications of type IIB 
supergravity [5] (it is clear from the fact that type IIB supergravity admits an AdS^ x S 5 
vacuum that this is a natural place to start). In the present paper we will study this 
embedding of the Randall-Sundrum geometry, and the more general family of ^-symmetric 
braneworlds of which it is a limiting case, in more detail from a 10-dimensional point of view. 
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One of the main outstanding questions is how supersymmetry may be broken in braneworld 
models, and this is the question that we address here. We find that supersymmetry is in fact 
automatically broken at the location of the Z 2 symmetric branes in all the present family of 
solutions, owing to the geometry of the internal 5-sphere. The reason is the following: due 
to its chirality (in particular the self-duality of the 5- form), type IIB supergravity actually 
admits an SO(l, 9) rather than an 0(1, 9) symmetry. This means that when one is forming 
a Z 2 -symmetric braneworld, one needs to mod out by a Z 2 that is an element of S0(l,9). 
Thus, if we flip the orbifold coordinate y — > — y , we must accompany this transformation 
with a reversal of the orientation of the internal 5-sphere. However, because of the curvature 
of the 5-sphere, the Killing spinor equation is sensitive to the sphere's orientation, and this 
makes the Killing spinor discontinuous at the location of the branes. Consequently, super- 
symmetry is broken on the branes, while being preserved in the bulk - a phenomenologically 
attractive setup. 

As we will show, this breaking of supersymmetry is not manifest from the 5-dimensional 
point of view, but can only be appreciated by including the internal manifold in the analysis. 
This is why we call this type of supersymmetry breaking Kaluza-Klein induced. It is also clear 
from the general argument just presented that this mechanism will apply to all Z 2 -symmetric 
braneworlds in type IIB supergravity, as long as the internal manifold is curved. 

In order to illustrate the effects of this supersymmetry breaking, we study a class of 
bosonic zero modes as well as their fermionic superpartners. We perform our analysis in 
linearised perturbation theory about the braneworld background, taking into account the 
corresponding brane actions. The modes that we focus on are those which are factorisable 
with regard to their worldvolume and orbifold dependencies, and which have a profile in the 
orbifold direction such that, were supersymmetry not broken, they would appear as massless 
fields from the 4-dimensional point of view. Here, however, the fermionic modes acquire 
a mass, while the bosons (which are insensitive to the orientation of the 5-sphere) remain 
massless. The mass of the fermions depends crucially on their y-dependence. In the most 
common case, the resulting mass is naturally of the order of the compactification scale L 5 , 
which may be taken to be near the GUT or Planck scale. However, if the fermionic modes 
are such that they have a y-dependence that evolves contrary to the bulk warping, then their 
mass is suppressed by an additional bulk warp factor. In this way one obtains two scales of 
supersymmetry breaking, and thus both heavy and light fermions, by the same mechanism. 
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2 Dimensional Reduction of Type IIB Supergravity on 
a 5-Sphere 



Type IIB supergravity can be given a formulation in terms of a Lagrangian, supplemented 
by the self-duality condition on the 5-form field. Keeping only the graviton, the gravitino 
and the 5-form, we have 



F[ 5 ] 



-9 

*F[5] ■ 



R 



(2.1) 
(2.2) 



Here T>m denotes the supercovariant derivative which also appears in the supersymmetry 
transformation of the gravitino: 



5i/j m = V M e 



M 
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(2.3) 



where e is the (chiral) spinorial parameter of the transformation. We will dimensionally 
reduce this theory on a 5-sphere S 5 . In this section we are only interested in the dimen- 
sional reduction of the bulk. We will find a domain wall solution to this theory, and in the 
subsequent sections we will be concerned with the modifications required by the presence of 
these lower-dimensional hypersurfaces. The T-matrices are decomposed according to 



pm 



® 1 ® a l 
1 <g> f - ® o 2 . 



(2.4) 
(2.5) 



where the Oi are the Pauli matrices. With this decomposition, the ten-dimensional chirality 
operator is given by T 11 = 1 ® 1 ® £r 3 . The 10- dimensional fields and the supersymmetry 
parameter e are then dimensionally reduced according to 

aa 



ds 2 

Ui 10 



e^dsl + e^ds'iS 5 ) 
4me Sa *e [5] +4me [5] (S 5 ) 

3ai ii n . ~ Tl 
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(2.6) 
(2.7) 

(2.8) 
(2.9) 
(2.10) 



where <fi is the breathing mode of the sphere, i.e. <fi determines the volume of the sphere; i] 
denotes a Killing spinor on the 5-sphere. Note that we have chosen ip and e such that they 
are of positive (10-dimensional) chirality. In order to obtain canonically normalised fields in 
5 dimensions, one also has to impose 

Hvf' '=-!<"■ (2 - u) 

The resulting 5-dimensional bulk theory is the maximal (32-supercharge) 5*0(6) gauged 



supergravityfl. The 32-supercharge structure is generated by four complex, independent 4- 
component D = 5 spinors arising from a 5-sphere Killing spinor in the 4 of SU(4) ~ 50(6). 
The Z 2 symmetry we are interested in acts in the same way on each of these spinors, and so 
for our purposes it shall suffice to consider just one of them. Thus, from now on we shall focus 
on a single gravitino and adopt a minimal D = 5 (8 real spinor component) notation (see 
@ 5 S])- The graviton supermultiplet contains the gravitino ip m and a vector. The breathing 
mode scalar belongs to a massive vector multiplet which also contains a spinor A. 

Since the two vectors play no role in what follows, we will set them to zero henceforth. For 
the reduced set of fields that we are considering, the 5-dimensional theory is described by 
the Lagrangian_ 



R - ±(«90) 2 - V{4>) - AnT mnp V n ^ p - l -\Y m W m \ - - ^)AA 

1 - ldW - - i 

+-<p, m ^ m r n T m x + xr m r n ^ m ) + -— -(^ m r m x- xr m ^ m ) , (2.12) 

4 8 00 J 



where V((p) has the double exponential form 

V = 8m 2 e 8 ^ - R 5 ef a<t> (2.13) 



and R5 represents the Ricci scalar of 5 5 . The 5-dimensional supercovariant derivative V n is 
defined in terms of the superpotential W by 

V n = V n + ^WT n , (2.14) 

where 

W{4>) = -8me 4a * + 20 J — el a<l> . (2.15) 

V 20 

-"^We are not considering higher-order terms in the fcrmions here. See also 0] and for a discussion of 
the fermionic equations of motion. 
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As usual, the potential V can be written in terms of the superpotential W according to 



V 



w% - -w 2 



The fermionic supersymmetry transformations are 

Stp m 
5X 



-r m v 
2 r 



(2.16) 



V m e = ( V m + Y^ mW ! ' 



(2.17) 
(2.18) 



This 5-dimensional theory admits a two-parameter domain wall solution given by 



15] 
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e 2A dx^dx u r]^ + e 2B dy 2 , 

H = -k\y\ + c, B = -4A, k>0, 
hH 2 / 7 + b 2 H^I\ 



(2.19) 



|j| and c is a constant. The linear harmonic function 



where 3kbi = —28 m and 3fc£» 2 — +28 
H(y) is taken to admit a second (trough-like) kink at y = p ; we thus have a positive-tension 
brane at y — and a negative-tension one at y = p in a Hofava-Witten-like setup with the 
two branes located at the endpoints of an S 1 /^ orbifold. In the limit where the scalar 
sits at the minimum of its potential, the bulk becomes AdS§ and the double domain wall 
configuration then represents the embedding of the Randall- Sundrum model jlj in type IIB 
super gravity {3, 4]. 

To display the Randall- Sundrum AdS§ patch geometry explicitly 3|, consider the positive- 
tension brane at y — and take H(0) = c > H # = e~ vfS^* + /3k, (3 > 0, where 0* is the 
constant scalar field in the AdS 5 x S 5 solution (satisfying e^ir^* = ^f^)- Then take the limit 
k — > + and change coordinates using (3 — \y\ = f3e L s to obtain the Poincare-coordinate 
form of the AdS$ metric 



_2|z| 



ds = e L 5 dx ii dx v r\ ViU + dz z 



where 



Lt; = m 



1 /20m 



2X| 



(2.20) 



(2.21) 



is the length parameter of the AdSs space. 



3 The Supersymmetric Theory in 5 Dimensions 



In order to fully account for the kinks in the double domain wall solution presented above, 
we have to extend the 5-dimensional theory so as to allow the coupling constants m and \/R~ 
to change sign when crossing a domain wall. This approach was developed by Bergshoeff, 
Kallosh and Van Proeyen (BKvP) [11], and it allows for a complete characterisation of D = 5 
supersymmetry, even at the singular brane hypersurfaces. The easiest way to implement this 
procedure is to let 

m^m%) V^->V^5%), (3.1) 

with 

{+1 for < y < 7r 
(3.2) 
-1 for - 7r < y < 

and we impose the upstairs-picture identification y ~ y + 2tt . Note that, consequently, the 
superpotential should be redefined as 



W(y,<P) = -6(y) 



8me 4 ^-2(h/^e§ ( 




20 



(3.3) 



Then, the potential of the 5-dimensional theory can still be expressed by the relation (12.161) 
and the 5-dimensional supersymmetry variations of the gravitino and dilatino remain un- 
changed, except for the above new definition of the superpotentia|^|. The Killing spinor 
equations, i.e. the vanishing of the above supersymmetry transformations, are then solved 
exactly by 

e=(b 1 H 2 / 7 + b 2 H 5 / 7 ) 1 / 8 e + , (3.4) 

subject to the projection condition T y e + = e + , where e + is a constant spinor. Thus, in 
the extended theory with couplings changing sign across domain wall hypersurfaces, the 
5-dimensional braneworld solutions preserve half of the supersymmetries. 

For completeness, and in order to contrast with the 10- dimensional calculation that will 
follow shortly, we write out the integrability condition for the Killing spinor equations. Since 
the Killing spinors have already been found, the integrability condition is necessarily satisfied; 
however, it can be instructive to see the details of how this goes: 

= T^ mn [V m ,V n }e 

= T n [G n p -^g n p W 2 + ^g n p T m W, m ]e-^W^e . (3.5) 



2 The supersymmetric bosonic theory, including brane actions, has been presented previously in [1 
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For p = y , using T y e = e , the last two terms cancel, which is in agreement with the fact 
that there are no singular contributions to G yy . For p = fi the last term vanishes, while 
the singular terms arising from W y , where the y derivative acts on the 8(y) inside W, are 
cancelled by the singular contributions to the Einstein tensor 

G, v = Regular - 9,Av)^= {^H^ + ^H~^ . (3.6) 



4 Oxidising back to 10 Dimensions - Breaking Super- 
symmetry 

The 5-dimensional domain wall solution can be oxidised back to 10 dimensions, resulting in 
the metric B 

ds\ = (hH- 3 ' 7 + b 2 ) l ' 2 dx"dx"r h , + (fhff 13 ' 28 + b 2 H 2s '*>)- 2 dy 2 + H 3 ' u ds 2 (S 5 ) . (4.1) 

Now we can check again the integrability condition resulting from the Killing spinor equation 
in 10 dimensions, remembering that we now have oc mQ(y) rather than just Fm oc m. 
We get 



= rf[v M ,v N ]e 
1 



r 



N 



GpN ~ i§ F2pN 



e - ^t QRS V N F PQRSN e . (4.2) 



The bulk terms are easily seen to satisfy this equation. The singular terms in the Einstein 
tensor in 10 dimensions are fl3 |: 

6,., = Regular - g»J(y)^ (^H^ + ^H^A (4.3) 
Gyy = Regular + (4.4) 



G ab = Regular - g ab 5{y)^J^H-^ . 

y9yy ' 



(4.5) 

For P = y , the last term in the integrability condition (14. 2p vanishes, in agreement with the 
absence of singular terms in G yy . For P = fi , the last term in the integrability condition 
adequately cancels the b\ contribution to the singular terms in G^; however, there is nothing 
there to cancel the singular terms proportional to 62 (and likewise for the 62 terms when 
P = a). We are thus led to conclude that the oxidised domain wall solution does not 
preserve any supersymmetry! It is however supersymmetric away from the branes in the 



bulk spacetime. Note that this result also means that the extension of the ordinary 5- 
dimensional supergravity theory along the lines advocated by BKvP cannot be obtained by 
dimensionally reducing type IIB supergravity. 

What, however, is the problem with supersymmetry more concretely? It is enlightening 
to study the Killing spinor equations directly; they are given by the condition 



= 5ij M 



Y7 , '' fp fiNPQRS-p 

1Q~5\ QRS M 



e . (4.6) 



Let us write out this calculation in detail: the T-matrices are dimensionally reduced to 
4+1+5 dimensions according to 

r\ = (&!#- 3/7 + 6 2 ) 1/4 7m ® 1 ® °i (4.7) 
f w = {b x H lz ' 28 + b 2 H 25 / 28 )-\ <g> 1 <g> o x (4.8) 
f a = if 3 / 28 ® f a ® a 2 (4.9) 

where there is no y-dependence left in 7 M , j y , T a (thus 7 M are the 4-dimensional T-matrices 
with indices raised and lowered with 77^, ^ y is the 4-dimensional chirality matrix, and r a 
are the T-matrices on the internal 5-sphere). 

We are now in a position to analyse the Killing spinor equations, using F[ 5 ] • f = 
-4i5\m6(y)H- 15 / 28 [l <g> 1 ® {o x + z«r 2 )]: 

= ^ M = V M + ^%)F- 15 / 28 (6 1 F- 3 / 7 + 6 2 ) 1 / 4 [ 7M ®l®(l + a 3 )]6 (4.10) 
= 5^ = V„ + ^%)#- 15/28 (&i# 13/28 + fe.if 25 / 28 )- 1 ^ ® 1 ® (1 + ^ (4.H) 
= <ty. = V a + ^%)i/- 15 / 28 if 3 / 28 [l®f a ®z(a3 + l)]6, (4.12) 

where the spin covariant derivatives are given by 

e(y)H~ l5 / 28 {bxH~^ 7 + 6 2 ) 1/4 7 M 7 y ® 1 ® 1 (4.13) 

(4.14) 

9( 2 /)(6 1 iJ- 3 / 7 + 6 2 ) 7y <g) f a <g> a 3 . (4.15) 

From the expression for the oxidised metric (14.11) . we expect the Killing spinor to be of 
the form 

' 1 , (4.16) 





= 9,~ 


3kbx 
56 














3ik 


v a 


= v a - 







56 



e = (bxH- 3/7 + b 2 ) 1/s e + <g> 77 ® 
9 



with r y y e + = e + . This Ansatz indeed solves the first two Killing spinor equations (I4.10P and 
dHHD, but ffl~T2j) reduces to 

V a V = m\J%Ta-n ■ (4-17) 



Using the explicitly known expressions for Killing spinors on spheres [14[], we can write down 
a solution to the above equation as 

r, = v (y,9 a ) = e W» ^ ( f[e ^ ^) 2f W) m , (4.18) 

0=1 

where 7] is a constant spinor and 9 a with a, b, ... = 1, 2, 3, 4, 5 are the angular coordinates on 
the 5-sphere. Thus, we see that we are forced to introduce y-dependence into the spherical 
part of the candidate Killing spinor in the form of a ^-function. This makes the angular 
dependence in the spherical part discontinuous and in this way supersymmetry is necessarily 
broken, because a Killing spinor must be continuous. Note that the change in sign in the 
angular dependence corresponds to a reversal of orientation of the 5-sphere. Thus we obtain 
the geometrical picture that the orientation of the 5-sphere changes as we cross a brane. 
This is consistent with the fact that the type IIB theory admits an SO(l, 9) symmetry rather 
than an 0(1, 9) symmetry (this is because the self-duality of the 5-form must be preserved). 
Indeed, the Z 2 symmetry by which we are modding out at the location of the branes, must 
be contained within S0(l,9), and therefore the flip y — > —y must be accompanied by a 
reversal of orientation of the five-sphere^ 

We should note that there also exists a supersymmetric limit, namely 62 — > 0. In this 
limit the troublesome term proportional to 9{y) disappears in the Killing spinor equation 
( I4.17P of the sphere, and in fact that condition reduces simply to the condition of having 
a covariantly constant spinor. However, this limit is really the decompactification limit in 
which the sphere becomes larger and larger, as well as flatter and flatter, and one ends up 
with an ordinary 3-brane in 10 dimensions. 

Another aspect of the decompactification/supersymmetry-restoring limit 62 is the 
structure of the metric warp factor. In Poincare coordinates (where the transverse term is 
simply dz 2 ), the D = 5 metric in the 62 - > limit has a power-law warp factor: 

ds\ = ( 1 - — \ dx^dx u r)^ + dz 2 . (4.19) 



3 Note that for odd-dimensional spheres such an orientation-reversing map admits at least two fixed points. 
From (|4.18p one sees that our choice of Z2 has a fixed point set on the locus 6>5 = 0, i.e. at the equator of 
the 5-sphere. Note also that the antipodal map is orientation-preserving for odd-dimensional spheres, so this 
cannot be used as the S 5 part of the Z2 action. 
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This should be compared with the structure of the metric in the Randall-Sundrum limit 
k — > , where the Poincare-coordinate metric (12.201) is composed of patches of anti-de Sitter 
space with an exponential warp factor: 

-2\z\ 

ds\ = e L 5 dx^dx u r] iiV + dz 2 . (4.20) 

The exponential warp factor underlies many of the proposed physical applications of the 
Randall-Sundrum schemes, be it the effective concentration of gravity near the D = 4 
positive tension brane in RSII, or possible applications to the hierarchy problem arising 
from exponential differences in coupling constants on opposing RSI braneworlds. These 
features disappear with the power-law warp factor (14. 19[) which arises as supersymmetry is 
restored in the 62 —* limit. 

Let us take stock at this point of what we have learned: we have a double domain wall 
solution in 5 dimensions, which upon oxidation to 10 dimensions on a 5-sphere leads to 
another double domain wall solution. This solution has the particular property that it is 
super symmetric everywhere in the bulk spacetime, but breaks supersymmetry completely at 
the locations of the domain walls. This immediately raises two questions: 

1. Since supersymmetry is broken on the domain wall, what is the mass scale of this 
breaking, as seen from the viewpoint of a 4-dimensional observer on the domain wall? We 
will treat this question in the section [5j 

2. Is this solution stable? Indeed one might speculate that since this non-supersymmetric 
solution is surrounded by a supersymmetric spacetime, it might be kept stable by the sur- 
rounding bulk (in the fully supersymmetric case solutions of this type are known to be stable 
despite the presence of a negative-tension brane 12j). A detailed calculation of the stability 
properties of this solution would be very interesting. We leave it for future work. 



5 Fermionic Modes and the Scale of Supersymmetry 
Breaking 

If supersymmetry were not broken, we would expect the theory on the 4-dimensional branes 
to be an ungauged supergravity theory with half the number of supercharges as com- 
pared with the bulk theory Then, there would be fermionic modes which, from the 
4-dimensional point of view, would be massless. In this section, we will present modes of 
this type, which we obtain as superpartners of linearised massless bosonic perturbations (see 
the Appendix for a detailed derivation, following the linearised supersymmetry procedure of 
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15(|). However, since supersymmetry is actually broken, we know that the fermionic excita- 
tions will pick up mass terms (while the bosons remain massless at this level). The easiest 
way to derive these mass terms is by dimensionally reducing the 10-dimensional Rarita- 
Schwinger action for these modes in order to find their 4-dimensional effective actions. The 
mass terms then arise when a y-derivative hits the discontinuity in the spherical spinor part 
r](y, 9 a ) at the location of the branec. 

5.1 The Gravitino 

As shown in the Appendix, one of the would-be massless perturbation modes of the braneworld 
geometry that we are considering is a worldvolume gravitino given by 

VV = {b.H 2 ' 7 + b 2 H^ 7 ) l '^,{x) (5.1) 

lf>y = (5.2) 

A = . (5.3) 
This mode can be lifted to 10 dimensions, where it reads 

% = (hH 2 / 7 + b 2 H 5 / 7 ) 1 /% ®r)(y,0 a )® J (5.4) 

4 = (5.5) 
ipa = 0. (5.6) 

The discontinuous spherical part of the gravitino should really be seen as an approximation; 
one would expect the gravitino to be continuous but interpolating between two different bulk 
profiles on either side of a brane. For our purposes, though, this approximation is accurate 
enough. The action for the gravitino can then be dimensionally reduced as follows^] 



JlOd Jid JO J JO 

(&l#- 3/7 + 6 2 )- 1/2 VV7^ r V^ T ® m ® [1 0] (72(7! 



.3kb 2 



-t(hH 2 / 7 + b 2 H 5 / 7 ) 3 ^H 5 / u i—^9 5 (S(y) - S(y - p)) jfTlv^ ® VlsV ® [1 0] a 2 a x 

Zo 



The setup described here thus provides a concrete example of the general framework for brane super- 
symmetry breaking of Bagger and Belyaev HQ 

5 We define ip — ip^ A . The 10-dimensional intertwiner Ai t g is dimensionally reduced according to A\ t g = 

A\^ ® Ao,5 ® (72 ■ Our conventions are as in Sohnius [3]. 
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Now, if we assume that 7577 = ±77 (thus the 50(6) symmetry of the five-sphere also gets 
broken at the location of the branes), and further use the fact that jyif}^ = as we U as the 
integrals 

J\m\9 Fj )d9 5 = ^ (5.7) 

sin 4 (fl 5 )M#5 = (5.8) 
lb 

then we get the 4- dimensional effective action for ip^ : 

S$= ( ^[^ M 7^ r V^ r ±m (3/2) ifrfa] , (5.9) 
J id 

where 

_ 3nkb 2 KhH^ + b 2 H^ f% 
m im - 56 fP dy{blH ^ + b 2 H^)~^ ■ (5 ' 10) 

Thus, as expected, we find an ungauged supergravity in 4 dimensions, broken by the above 
mass term. 

The expression for the mass term is a bit unwieldy, which is why it is instructive to write 
out the Randall-Sundrum limit of the above formulae. The 10-dimensional metric is then 
given by 

2\y\ 

ds lo,RS = e L " ■n llv dx' x dx v + dy 2 + L\d®\ , (5.11) 

where L5 is the length parameter of both AdS$ and S 5 as given in (I2.2ip . The gravitino 
reduces to 

VV = e~^i%{x) (5.12) 

tp y = (5.13) 

A = , (5.14) 



\v\_ ~ 

$ = e 2L 5ip^{x) <g> rj{y,9 a ) <g> 



(5.15) 



which in 10 dimensions is expressed as 

"1" 



$ y = (5.16) 

$ a = 0. (5.17) 

In the Randall-Sundrum limit the discontinuous spherical spinor rj is given by 
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v (y,6 a ) = e iW75 (j[ e -fa™+A r/o . (5.18) 



3=1 
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The calculation of the effective action proceeds along the same lines as above, and this time 
we find 

^,rs= [ v^[i^7^V^ T ±m ( 3/ 2) flS) , (5.19) 

J Ad 

where 

m {3/2 , RS) = — K - ^ . (5.20) 

L>h (1 - e ^) 

We can see that m^ 3 / 2 ,RS) varies between ^ (as — > 0) and (as — > oo), and 
is therefore always close to the 1 scale of S^-compactification, which one may take to be 
close to the GUT or Planck scales. Thus, from the 4-dimensional point of view, the gravitino 
is heavy. 



5.2 Other Modes 

Let us now turn our attention to the other fermionic modes discussed in the Appendix. These 
modes have a different ^-profile, but nevertheless, in a supersymmetry-preserving context, 
they would appear to be massless from a 4-dimensional perspective. First of all, we have the 
fermionic partner of the Goldstone boson associated with the y-translation symmetry that 
is broken by the brane. This mode is given by 

= —^"s^H 2 ' 7 + hb 2 H^){b l H^ + & 2 /f 5 /7 ) -3/8 e+ (5.21) 
on 

1> v = -^(26 1 iJ 2 / 7 + 56 2 iJ 5 / 7 )(6 1 iJ 2 / 7 + 6 2 iJ 5 / 7 )- 13 /V^ + 

An 

+ 1 f^l(b l H 2 l 7 + b^Y^AblH^ + mhhH + 45bjH 10 / 7 ]s(x)e + (5.22) 

112x2 



A = ^(hH^ + b 2 H^f'^s, P e + , (5.23) 
An 

which in the Randall-Sundrum limit simplifies to 

% = Je^ 7 /s„e + (5.24) 

1 sm 9(y) 11M 

= ^Ys, p e + -^e^s(x)e + (5.25) 

A = . (5.26) 



If we now let 
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(5.27) 



and take this as the definition of the mode xi x ), then we can derive the effective 4- dimensional 
action for x '■ 

S x ,rs= V^g{i Xl^nX ± m(x,RS) X.x\ , (5-28) 
J id 



where the mass term is given by 



5 ( e L 5 _ 1 



We can see that this time m^RS) varies between (as -j^ — > 0) and e ^ (as — > oo). 
Thus we get an exponential mass suppression when ^- is large. It seems reasonable on 
)henomenological grounds to assume that p might be an order of magnitude larger than L 5 
jj, and therefore x can De a light fermion from the 4-dimensional effective theory point of 
view. This is because \ has a profile along the orbifold direction y which evolves in the 
opposite way as compared to the bulk warp factor, and therefore x is localised mainly near 
the negative-tension brane at y — p . 

The last mode that we will consider is the fermionic partner to the third bosonic mode 
presented in the Appendix. This bosonic mode has the particular property that in the 
Randall-Sundrum limit it reduces to a pure scalar field perturbation, the metric remaining 
unchanged. In general, its fermionic partner is given by 

^ = -^7/M^ 2/7 + ^ 5/7 ) 17/ V (5-30) 
+ 3 -^^(hH^ + b 2 H^f 8 s(x)e + (5.31) 



A = ^( fol i/V7 + 62jff 5/7 r i/8 [26 2 jff l/7 + 6i62jff 4/7_ 6 2^ ]7 p s ^ +; (533) 
on. 

which in the Randall-Sundrum limit reduces to a pure dilatino perturbation: 

VV = (5.33) 

ip y = (5.34) 

A = I e -^ 7 p s p e + . (5.35) 



It is again helpful to define A by 



-J p s, p e+ = A , (5.36) 
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in terms of which the effective action is given by 

S-xms = [ V=9\i A 7 M V M A ± m { - XjRS) XX) , (5.37) 

J id 

with the mass term 

hp 

5n (1 — e L s ) 

m cx,RS) = t: WT • ( 5 - 38 ) 

m (\RS) ^ US var i es between (as — >■ 0) and || (as — > oo), and so A is another 
example of a heavy fermion. 



6 Discussion 

We have seen that Z 2 -symmetric braneworlds in type IIB supergravity necessarily break 
supersymmetry owing to the chiral nature of the theory and the curvature of the internal 
manifold. Supersymmetry is broken only at the location of the branes, and this can also be 
traced back to the presence of source terms that are proportional to the square root of the 
curvature \fR?, ~ 62 of the internal 5-sphere. 

We have shown how fermionic modes, which would have been massless in a supersym- 
metric context, thus acquire masses. Moreover, depending on their profiles along the orbifold 
direction y, the effective 4-dimensional fermionic modes can appear either heavy or light. 
The heavy modes are those whose profiles along the orbifold direction evolve similarly to the 
metric warp factor, i.e. they are mainly associated to the bulk geometry, and they tend to 
have a mass comparable to the L5 1 compactification scale. The light fermions, by contrast, 
are those modes which have profiles that evolve in the opposite way as compared to the 
metric warp factor and are more specifically associated to a brane. In the Randall- Sundrum 
limit, for example, the light fermions are those that have a y-dependence proportional to 

with c> 1 . (6.1) 

This ensures that these modes are mostly localised near the negative-tension brane at y — p . 

p_ 

For large values of , their masses are suppressed by a factor of e L s , which is certainly 
attractive for phenomenological reasons. We recall the discussion of section H] on the expo- 
nential warp factor in the general solutions of Bremer et al. [5j, and particularly in the 
Randall-Sundrum limit [8], as compared to the power-law warp factor occurring in the 
supersymmetry- restoring 62 — ► limit. This exponential warp factor is also seen to be 
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at the root of the orbifold exponential hierarchy of masses for fermionic fluctuations that we 
have found. 

For simplicity, we have focused in this paper on the minimal D = 5 supersymmetric 
structure with 8 supercharges. The full 5 5 -reduced theory, of course, has an extended 32- 
supercharge supersymmetry organized into a 4 of 5£7(4) ~ 50(6). In the bulk spacetime of 
the brane solutions we consider, each of these 4 D = 5 spinor supercharges splits up into two 
D = 4 spinors of opposite T y chirality, one of which becomes spontaneously broken, with 
a corresponding massive gravitino in the usual fashion. The remaining T y chirality gives 
the erstwhile unbroken supersymmetry, which however is broken by the Z2 structure of the 
brane system as we have shown. Choosing a specific Z2 action in the 5-sphere directions 
necessitates picking an equator of the 5-sphere, which becomes the fixed-point surface for the 
chosen Z 2 . This breaks the surviving automorphism symmetry down from SU(4) ~ 5*0(6) 
to USp(A) ~ 5*0(5). However, the 4 representation remains irreducible with respect to 
USp(4), so all 4 of the D = 5 theory's supersymmetries get broken by the Z2 action in the 
same way. Accordingly, the full story is just a four-fold replication of the minimal D = 5 
story that we have presented. 

Let us conclude with a few remarks about the nature of the supersymmetry-breaking 
sources. The Randall-Sundrum scenario has been associated to a combination of D3 branes 



and 7-branes [19(. There is a possible association of the 62 term in our construction to 7- 
branes, as noted already in [13j. Note that the singular terms in G a b are a factor of | smaller 
than the ones in G^, suggesting that the upper 4-dimensional parts of the worldvolumes 
of the 7-branes might be averaged over the 5 spherical dimensions. This association is 
supported furthermore by the fact that the ^/-dependence of the singular terms in fl4.3p - fl4.5l) 
would be consistent with the presence of two transverse directions instead of just one, e.g. the 
y-direction and one of the spherical directions. For the 62 part of the solution, we explicitly 
have 

G, u ~ G ab ~ &2%)(&i# 5/14 + b 2 H n / u ) = b 2 %) , (6.2) 

y fi'transverse 

where (with no summation implied on a) 

fi'transverse QyyQaa ■ 

(6.3) 

Note also that the Z 2 symmetry chosen in our construction has a fixed-point set on the 
locus y = , 8 5 = 0, i.e. an 8-dimensional surface which could be associated to a 7-sphere 
worldvolume. 
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Going against the 7-brane interpretation of the 62 part of the solution, however, is the fact 
that the IIB axionic scalar that would support a standard 7-brane is zero in the background 
considered here. Of course it could be that the precise smearing of 7-branes needed has to 
be such that the axion charge averages to zeroE 

A final question is that of stability. Even if the background solution we consider can 
be associated to a smeared set of 7-branes taken together with the D3 brane, the breaking 
of supersymmetry that we have found raises the question of whether this construction has 
tachyonic instabilities. But since the bulk spacetime remains perfectly supersymmetric away 
from the branes, one is led to speculate that the bulk supersymmetry might be enough to 
stabilise the boundary branes where supersymmetry is broken, perhaps in a manner similar 
to the "fake supergravity" framework of Ref. 21]. 
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Appendix: Linearised Domain Wall Perturbation Modes 

In this Appendix, we explicitly derive the form of linearised bosonic perturbations about 
domain wall geometries, which, from the 4-dimensional point of view, are massless. We 
also show how one can then determine the fermionic superpartners of these modes. It 
should be noted that the method employed here is not the same as determining the moduli 
of a domain wall solution and then promoting those moduli to spacetime-dependent fields 
(see for example {22I for an exposition of the latter method). Here, we allow the various 
modes to have different y-dependent profiles along the orbifold direction, chosen such that 

6 Another puzzle with such an interpretation arises in the analogous case of 11-dimensional supergravity 
compactified on a 7-sphere. In that case, the analogous source would have to be made out of 8-branes, but no 
8-brane solutions are known in D=ll supergravity, although they do exist in massive type IIA supergravity 
Q. 
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the modes appear massless from the brane worldvolume perspective (when supersymmetry 
is not broken). The existence of this type of zero mode is really a particular feature of 
braneworld Kaluza-Klein reductions. Consider theories of the form 



S 



-9 



-)</ 



R--{d<j>f-V{4>) 



(a.i; 



4d,y=0 



where, in this Appendix, we are considering a single positive tension domain wall residing 
at y — 0. In static gauge, the equations of motion are 

1 , 1 



G, 



□c 



dV | 8(y) dW 
d( P \f9y~y d( P 



^ ^ v 9yy 



We write the fields as 



(A.2) 
(A.3) 



7 (0) + h 

Iran ' ll mn 

6<W + , 



(A.4) 
(A.5) 



where ^ quantities correspond to the unperturbed domain wall solutions. We then have 



9 

p(i)p 



9 



mn(0) fr mn 

9^ ^ {hlm\n ~\~ hln\m ^mn;l 



(A.6) 
(A.7) 



When we perturb the geometry, we choose coordinates such that the domain wall always 
remains at y = 23]. The linearised equations of motion then are 



2 v" 1 m;np < " nymp lb mn\p lb \ 



(h pl ;i. 



h./) 



R(0) _j_ I o (0) fj*jM _ 1^(0)^(1) + jL(0U(l) _ K 
r) li"mn r ^ ' r> ymn lb ^pl ~ cs^r \m ( r ,n ' 'r ,n Y,m A lb r 



4 

i Kv) 

2 



■p 



{A.i 



and 



D (O) (1) _ h mn^0) n _ h mn^m + 1^(0) 

V 5W 



(A.9) 
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For a background metric of the form 



ds 2 = e 2My) r]^dx^dx v + e 2B{y) dy 2 , (A. 10) 

the non-zero connections are 

r(0)y__ A 2A-2B r (0)p _ rp * r (0)y _ d CAlF) 

and thus we have 

< } = ^e 2A - 2B (-A, yy -4A 2 y + A, y B, y ) (A.12) 

= -4A >yv -4A% + 4A iV B >y (A. 13) 

CjS = V^e 2A - 2B (3A, yy + QA 2 y -3A, y B, y ) (A.14) 

G<£> = 6A 2 y (A. 15) 

□ = e-^W+^Ay-^). (A.16) 

Taking into account that we are imposing a Z 2 symmetry at the location of the domain wall, 
we can see that the junction conditions (i.e. the matching conditions for the singular pieces 
in the Einstein equations) at the location of the domain wall become 

12A iy = -e B W \ y=0 (A.17) 
2*2> = e B ^ U- (A.18) 

Note that the yy Einstein equation is given by 

6A 2 y = \^ 2 - \e 2B V . (A. 19) 

This doesn't involve second derivatives in y , which is consistent with the fact that there are 
no singular source terms in that direction. If we evaluate this equation at the location of the 
domain wall, we can substitute in the junction conditions derived above, to find 




(A.20) 

y=0 



This is of course the relation between the superpotential W and the potential V in super- 
symmetric theories. In a supersymmetric context, the junction conditions above are actually 
the Bogomol'nyi equations, and they are then valid throughout the bulk. Furthermore, this 
shows that the domain wall couples to the bulk via the superpotential. 
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Looking at the terms containing two y derivatives in the linearised equations of motion, 
one can write down the linearised junction conditions in this background (making use of the 
Oth order junction conditions): 



^e B W(h, u - t^tTV) + \e 2A ~ B V , u Wh yy 



1 2 a+b dW {l) 
+ 2 ^ dd>* 



,y 



1 B d 2 W 



r 



-B 



(A.21) 
(A.22) 



y=0 



There is also a junction condition associated with the \iy linearised Einstein equation, and 
it reads 



h m = 



(A.23) 



This condition was already implied by the imposition of the Z2 symmetry at y — under 



which h^ y is odd. 



Examples of Bosonic Modes 



We will now give explicit expressions for these modes in the Bremer et al. case [5[ as well as 



the Randall- Sundrum limit [3 
In the Bremer et al. case 



[5] 



5|, the background solution is given by 



7 

e Vi5< 



H = -k\y\ 



hH 2 ' 7 + b 2 H 5 / 7 



B = -4A . 



(A.24) 



We then have the following expressions for the superpotential and the potential: 

3k 



W 
V 



y(26 1 F- 5 / 7 + 5b 2 H- 2 / 7 )9(y) 
196 V 1 2 ; 



(A.25) 
(A.26) 



The /i 7^ v linearised junction conditions are solved for ~ {b\H 2 / 7 + b2H 5 ^ 7 ) 1 ^ 2 , unless 
hfiv oc ■ m the first case, this ansatz also solves the other junction conditions and the 
linearised equations of motion (it should be noted that, although the linearised junction 
conditions would also allow for h yy and <ffi^ contributions, say proportional to a mode c(x), 
the /i 7^ v linearised Einstein equations would then demand c tflv = and thus we set 
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hyy = = 4>^). This mode represents a 4- dimensional worldvolume graviton excitation: 

V = (&i# 2/r + b 2 H 5 / 7 y/% u (x) (A.27) 

V = (A.28) 
= , (A.29) 

where h^ v (x) obeys the 4-dimensional linearised Einstein equations. 
In the second case, our ansatz for the metric perturbations is 

V = a^si^fiv) (A.30) 

hyy = s(xr)j(y). (A.31) 

Then, looking at the linearised [iv equations for ji ^ v we find 

a = ~ (A.32) 

j(y) = (hH^ + hH^y^fiy). (A.33) 

Note that these conditions also automatically ensure that there are no s ;/x „ terms present in 
G$ for any /i, v. Next we look at the /J,y equations, from which we can infer that 

^ = ^A^ihH^ + b 2 H^r 1/2 Hf, y . (A.34) 
2y 15k 

At this point all \im equations are identically satisfied for all f(y). The linearised yy and (f> 
equations demand 

U^ d h{x p ) = (A.35) 

and the additional constraint 

= f\ yy [98blH 4 / 7 + 98b 2 2 H 10 / 7 + 196hb 2 H] 
+kfJ154bjH- 3/7 + 91b 2 2 H 3/7 + 245&i& 2 ] 

+k 2 f[-l%\H- w l 7 - 1% 2 2 H- Z I 7 - 20b 1 b 2 H- 1 } . (A.36) 

This has the following two solutions: 

f(y) = 2hH- 5 / 7 + hb 2 H- 2 ' 7 o,(hH 2 / 7 + b 2 H 5 / 7 ) t y (A.37) 

f(y) = {^H- 2 ' 7 + b 2 H 1 ' 7 fl 2 . (A.38) 

Thus, explicitly, we have the "Goldstone" mode 

V = -^^{xP^H-^ 7 + hb 2 H' 2 l 7 )k (A.39) 

hyy = s(^)(& 1 /f 2/7 + b 2 H 5/7 )~ 5/2 (2b l H- 5/7 + 5b 2 H~ 2/7 )k (A.40) 

= s(^)v / 15(6i// 2/7 + b 2 H b ' 7 yi 2 H- 1 k (A.41) 
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and a third mode 



-^sK)(&i#~ 2/7 + b 2 H^ 7 f' 2 k (A.42) 
hyy = s{x p )H- 10/7 k (A.43) 



h 

"'fil/ 



0« = ^six^ihH 2 ' 7 + b 2 H b l 7 ){2b l H- s ' 1 -b 2 H- b ' 7 )k . (AAA) 

It is then straightforward to verify that the latter two modes also satisfy the linearised 
junction conditions. The Goldstone mode takes its name from the fact that, in the bulk, its 
general form can be obtained by a ^/-dependent diffeomorphism with parameter 

= (A.45) 

i v = lib.H 2 ' 7 + b 2 H^ 7 )-^ 2 s , (A.46) 

where 

hmn £,m;n "I - £n;m (A. 47) 

= C<t>,m ■ (A.48) 

If we then promote s to a function s(x) , this is not a diffeomorphism anymore, and we obtain 
the above non-trivial mode. In this sense, this mode is a Goldstone mode corresponding to 



the translational symmetry that is broken by the domain wall (see 24| for a general treatment 
of these types of modes). 

For the Randall- Sundrum model , we have the following expressions for the super- 
potential and the potential: 

12 dW d 2 W 8 

W =L?M a^ = ° W = -L?® {AA9) 

12 9V n d 2 V 32 

m=° W = W (A ' 50) 

where L 5 is the AdS$ radius of curvaturaj. The background metric is given by 

2\y\ 

ds\ = e L s r) IJiV dx' J -dx v + dy 2 . (A. 51) 

The perturbation modes can simply be determined by taking the appropriate limit of the 
Bremer et al. modes jsj]. This gives the graviton excitation 

V = e~^/v(x) (A. 52) 

hyy = (A.53) 

= , (A.54) 



incidentally, the second derivative of the potential indicates that the breathing mode <j> has mass squared 
equal to 32/L| , in agreement with Q. 
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where h^ u (x) obeys the 4-dimensional linearised Einstein equations. The Goldstone mode is 
now given by 



h 

L yy 



s{x)r] i 



2|»l 

2e L 5 s(x) 



(A.55) 
(A.56) 
(A.57) 



with 



a^s(x) = . 



(A.58) 



This is the "radion" mode of Ref. 23| (see also 25j for a heterotic M-theory equivalent) 



and it can be obtained by starting with a diffeomorphism with parameter £ y 
The third mode reduces to a pure scalar field perturbation: 



fJIV 



"UV 
(1) 



Mvj 

e L 5 six) 



(A.59) 
(A.60) 
(A.61) 



again with D^s(x) = 0. 
Fermionic Partners 

The fermionic superpartners of the bosonic modes that we have just derived can be obtained 
by using the linearised form of the supersymmetry transformations (I2.17|l2.18p [15]. In this 
way it is guaranteed that the resulting fermions are also solutions of the linearised equations 
of motion. In general, the fermions are given by 



with 



(i) 



TO 



(i) 



1 

4 



^ J fJ,V,p r y ^ ^yh^yy AyH^y Q A yH^ y)^ ^ 

+ 48^ +24^ ^ 

4 V,m7 + 4g Ay ly+ 24 d ,<P ly 



(A.62) 
(A.63) 



(A.64) 
(A.65) 



24 



In the case of a graviton perturbation 

V = e 2 %u(x) h yy = = 0« , (A.66) 

the fermionic superpartner is the gravitino given by 

= j h mp'f e ^ € + = -h fMiy , p j" p e%e + = e^Vv(x) (A.67) 

ip y = (A.68) 

A = . (A.69) 

Consequently the chirality of the gravitino is given by 

= +VV • ( A - 70) 



Our remaining bosonic modes are of the form 

1 

2 



V = -\v l i.us{x)f{y) ( A - 71 ) 



hyy = s(x)e 2B - 2A f(y). (A72) 



In this case the linearised junction conditions (lA.21j) and (IA.22I) simplify the resulting ex- 



pressions for the fermionic partners, and we end up with 

% = -^e-i A / 7 / S , P e + (A.73) 

= -\e~i A+B fYs„e + + ^e-l^ B fs(x)e + + ^^V^ + V (A.74) 

A = ^7^2 ) e-^6 + . (A.75) 
Thus we can see that we have the following chiralities 

7<A = +VV ( A - 76) 

lyX = -A, (A.77) 

whereas ip y contains terms of both chiralities. 

As a consistency check, it is straightforward to verify that all the above fermionic modes 
satisfy their equations of motion: 

1 dW 1 

7 mnp V n ij p - g^-7 m A - ~{g mn - 7 mn )0,nA = (A.78) 



ld 2 W W 1 1 dW 

7 m V m A + (- — - -)A - - 7 m 7» m + - A — l m i> m = . (A.79) 
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